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Introduction
Chronic tobacco use is the leading cause of preventable disease and death in the United States [1] . An important mediator of continued tobacco use relates to the aversive withdrawal symptoms induced by smoking cessation [2] [3] [4] [5] . Thus, by understanding the mechanisms mediating tobacco withdrawal symptoms, more effective therapeutic interventions could be provided.
Nicotine, a primary psychoactive component within tobacco, binds to neuronal nicotinic acetylcholine receptors (nAChRs) [4, [6] [7] [8] [9] . Nicotinic receptors are pentameric, ligand-gated ion channels composed of various combinations of alpha(α) and beta(β) subunits [2, 10] . The α and β nAChR subunits are proteins that interact to give rise to distinct receptors with selective pharmacology and developmental expression patterns throughout the brain [11] [12] [13] . Depending on their subunit composition, neuronal nAChRs display varying sensitivities to a wide range of agonists and antagonists [14] . To better understand how these unique receptors contribute to nicotine-modulated behaviors, including withdrawal, genetic animal models have been developed [2, 5, 15, 16] . Findings illustrate that certain nicotinic receptor subunit null mutant mice, but not others, differentially regulate nicotine withdrawal (for review see [2] ). While less is known about the mechanisms mediating withdrawal symptoms in humans, genome-wide association and candidate gene studies have found consistent trends for polymorphisms in a number of nicotinic receptor subunit genes predicting tobacco addiction [17] [18] [19] . Thus, both clinical and preclinical evidence suggest that nicotinic receptors are important contributors to addiction, with possible relationships to the mechanisms mediating nicotine withdrawal [5, 20] . Such studies are assisting in the development of novel therapeutic ligands specific for selective nicotinic receptors for the purpose of combatting the tobacco addiction pandemic [21] [22] [23] [24] .
The α2 nAChR subunit (encoded by the Chrna2 gene) is expressed in a unique set of neuronal structures associated with addiction and withdrawal [11, 12, 25, 26] . In rodents, these regions include limbic and midbrain structures, with highest mRNA expression for α2 nAChR subunits found within the interpeduncular nucleus (IPN, all sub-regions), and more restricted expression within other brain regions such as the hippocampus (Stratum Oriens/ Alveus) and the entorhinal cortex (layer II) [11, 12, 25, 27] . While the α2 nAChR subunit has lower levels of expression within the rodent central nervous system when compared to other nAChR subunits, wider expression in the primate and human brain is observed, suggesting a more global influence [28, 29] .
Indeed, recent evidence has shown that multiple nAChR subunits within the habenulo-IPN axis influence nicotine reward and withdrawal [4, 5, [30] [31] [32] [33] . The IPN is a midline structure located within the midbrain that receives a vast majority of its input bilaterally from the medial habenula via a pathway known as the fasciculus retroflexus [34] . Local injection of the general nAChR antagonist, mecamylamine, within either the habenula (Hb) or the IPN after chronic nicotine treatment is sufficient to precipitate somatic withdrawal in a home cage habituated environment. Notably, these withdrawal symptoms are absent in mice that are mutant knockouts for the α2 nAChR subunit [31] . Subsequent studies have supported these findings, while also illustrating that withdrawal behavior is dependent on the context in which the animals are assessed [35] . Taken together, the studies implicate a putative role for α2-containing nAChRs located within the IPN in regulating nicotine withdrawal [31, [35] [36] [37] .
The IPN is also known as an integrative center for the limbic system, with output projections to the hippocampus, entorhinal cortex and the septum [34, 38] . Thus, the IPN in parallel with the limbic system could potentiate the aversive effects of withdrawal via negative psychological states and drug-associated or context-specific memories [34, [39] [40] [41] [42] . Prior studies have demonstrated that genetic deletion of the α2 nAChR subunit eliminates nicotinic facilitation and depression of long-term potentiation (LTP) within the dorsal hippocampal (DH) CA1 [43] . These effects are likely mediated via oriens lacunosum moleculare (OLM) GABAergic interneurons within the stratum oriens (SO) layer of the hippocampal CA1 region [43] [44] [45] [46] , which can influence distal dendrite inhibition to facilitate fear memory in mice [47] . Nicotine can also influence hippocampal synaptic plasticity within the dentate gyrus (DG) via the disinhibition of granule cells, which modify local GABAergic circuit inhibition [48] . These effects could be influenced, at least in part, through α2-containing nAChR expression in layer II of the entorhinal cortex [25] , a layer known to project to the DG via the perforant pathway [49] . Reportedly, α2-containing nAChR expression is also present locally within the DG during early development (postnatal day 3-5) [13] and may contribute to the maturation of the circuit. Nicotine-induced modifications in hippocampal synaptic plasticity could then mediate drug-associated or context-specific memories via changes in GABAergic systems [48, 50] , possibly through α2-containing nAChRs. Since nicotine withdrawal signs are dependent on the context where behavior is assessed [35] , we investigate the effects of nicotine withdrawal-induced neuronal activity within hippocampal circuits.
The current study examines whether α2-null mutant mice have altered cFos expression in restricted midbrain and limbic brain regions during nicotine withdrawal [51] . We compare α2 nAChR subunit null mutant versus wild type mice to better understand how the genetic deletion of this specific receptor subunit can influence neuronal activation in adult male mice, as demonstrated by the expression of the immediate early gene, cfos. We hypothesize that α2-containing nAChRs mediate nicotine withdrawal via enhanced neuronal activity within restricted midbrain and limbic brain structures, which should be absent in α2-null mutant mice. We assess cfos expression within the Hb-IPN axis, known for its influence in mediating nicotine withdrawal [31, 33] . Within the hippocampus, we evaluate the dorsal and ventral regions separately, as they are known to have functionally and anatomically distinct structures, corresponding to cognitive functions such as encoding spatial memory (dorsal hippocampus), as well as stress, emotion and affect (ventral hippocampus (VH)) [52] .
Materials and Methods

Animals and Nicotine Withdrawal Drug Treatment
All studies described below conformed to the National Institute of Health Guidelines for the Care and Use of Laboratory Animals [35] . The creation of the α2 nAChR subunit null mutant mouse line, drug treatment conditions for the induction of nicotine withdrawal, behavioral testing and withdrawal assessment have been previously described [35] . Briefly, twenty male wild type mice and α2 nAChR subunit null mutant mice were chronically treated with either nicotine or vehicle at a dose of 24 mg/kg (expressed as free base) per day for 2 weeks using an Alzet mini-osmotic pump (model 1002). On day 13, animals were injected with mecamylamine at a dose of 3 mg/kg intraperitoneally (i.p.), to precipitate nicotine withdrawal in a habituated home cage environment. Two hours after assessment of mecamylamine-precipitated withdrawal, animals were perfused and brains were harvested for future assessment of cfos immunoreactivity. As previously reported, these mice exhibit enhanced mecamylamine-precipitated somatic withdrawal signs [35] . Nicotine and cotinine blood plasma concentrations were quantified on day 13 of osmotic minipump administration by Pura Tech UCSF-Clinical Pharmacology Laboratory [53] . Within a batch (n = 4) of the chronic nicotine-treated wild type male mice, nicotine (56.6 ng/ml ± 14.0 (S.E.M., Standard Error of the Mean)) and cotinine (91.5 ± 39.7 (S.E.M.) ng/ml) blood plasma levels were similar to predicted values based on prior studies [54] .
Perfusion and Tissue Harvesting
Two hours after assessment of mecamylamine-precipitated withdrawal, animals were anesthetized in their home cage habituated environment with sodium pentobarbital (100 mg/kg, i.p.) prior to perfusion, similar to procedures used by [36, 37, 55, 56] . Anesthesia was confirmed with a sharp toe pinch. Mice were first pumped with 40 mL of 1×PBS solution (8.00 g/L NaCl, 0.20 g/L KCl, 1.44 g/L NaH2PO4, 1.76 g/L KH2PO4) until solutions exiting the heart ran clear. Mice were then perfused with 40 mL of fresh 4% paraformaldehyde solution, and fixation tremors were observed after 20-30 seconds for each animal. The brains were harvested and stored overnight in 4% paraformaldehyde solution. The brains were then stored in 30% sucrose solution for 48 hours until the brains sank, before being flash frozen with dry ice in 2-methyl butane. All brains were stored in the −80°C freezer until use.
Cryosectioning
Each brain was placed into a cryomold and coated with Tissue-Tek O.C.T. (Optimal Cutting Temperature) Compound, which was subsequently allowed to solidify in the −80°C freezer. The mold was then removed and the brain was mounted on the chuck within the cryostat. The brains were sliced into 40 μm sections and stored as free floating tissues in antifreeze solution (500 mL/L 0.1 M PBS, 300 g/L sucrose, 300 mL/L ethylene glycol and 10 g/L polyvinylpyrrolidone-40) in the −20° freezer until staining [51] .
Immunohistochemistry
Methodology for immunohistochemistry was adapted from Okabe and Murphy, 2004 [51] . One to five slices per brain were chosen based on their location within the brain and the inclusion of the anatomical region of interest. Slices from individual brains were placed together in a single well of a 24-well plate. The slices were washed with 1×PBS for two consecutive 10 min washes. The slices were then soaked in 0.3% hydrogen peroxide solution for four 6 min periods and then washed with 1×PBS. The slices were soaked in blocking serum (1% BSA (2 mg/ml, Pierce #23209), 0.5% triton x-100, 5% donkey serum (Millipore, S30-100ML), 93.5% 1×PBS) for two hours and subsequently washed with 1×PBS and incubated in 1:2000 primary antibody solution overnight (cFos sc-50 Rabbit polyclonal IgG, Santa Cruz Biotech Inc, and 2% donkey serum). On the second day, the slices were washed with 1×PBS and incubated in 1:200 secondary antibody solution (donkey anti-rabbit IgG-B sc-2089 biotin conjugated antibody, Santa Cruz Biotech Inc, and 2% donkey serum) for two hours. The slices were then washed with 1×PBS and incubated in Vector Laboratories ABC reagent for one hour. The slices were washed with 1×PBS and finally incubated in peroxidase substrate solution (2 drops Buffer Stock Solution, 4 drops DAB sk-4100 reagent, 2 drops hydrogen peroxide solution, and 2 drops nickel solution in 5 ml of deionized distilled water, all obtained from Vector Laboratories DAB Peroxidase Substrate Kit) for two minutes and then washed with cold water in two 3-min periods. The slices were stored in 1XPBS solution in the 4°C fridge before being mounted on gelatin coated Fisher Superfrost slides. On the following day, the slides were taken through a dehydration scheme (consecutive 2 minute washes in the following order-1× deionized distilled water, 1× 30% ethanol, 1× 50% ethanol, 1× 70% ethanol, 2× 90% ethanol, 2× 100% ethanol and 3× 5 minute xylenes washes) before the cover slips were mounted using Cytoseal.
Immunohistochemistry Imaging
For each brain slice, an image using an Olympus BX51 research microscope was taken with 1.25× magnification for location reference as well as an image using 10× magnification to conduct the cfos counts. From the 10× images, we examined a small pre-determined area within the anatomical region of interest. Experimenter was blind to both the genotype and drug treatment. All counts were performed using ImageJ64 software (National Institute of Health). A cell was determined to be cfos positive based on the darkness of its nuclear stain compared to background level cells within the brain regions expressing low to absent levels of cfos.
Fluorescent Tissue Plating and Imaging-To demonstrate the localization of α2 nAChR subunit-containing neurons using a fluorescent tag, we mated CHRNA2-Cre mice (OE25-cre, Gensat) with Ai9 mice (007909, Jackson Laboratory). The Ai9 mice harbor a lox-p flanked stop cassette inhibiting the constitutive promoter expression of a red fluorescent protein, tdTomato. In the presence of Cre-mediated recombination, the stop cassette is deleted, thus allowing for constitutive expression of tdTomato in α2-containing neurons. Brains were harvested from these animals during adulthood using the methodology for perfusion, cryosectioning and storage described above. Slices 40 μm in thickness that contained brain regions of interest were collected and plated onto gelatin coated Fisher Superfrost slides. The following day, the slides were taken through a dehydration scheme followed by a xylene wash before the cover slips were mounted using Cytoseal. Images were taken on a microscope with fluorescent capabilities.
Statistical Analysis
Data were analyzed using JMP statistical software (SAS Institute). We used ANOVA and repeated-measures ANOVA to identify differences between cfos counts within groups. Post hoc analysis was performed using Dunnett's, or Student's t test and Bonferroni corrected for multiple comparisons, when applicable. In particular, post-hoc analyses were performed for results that demonstrated significant and non-significant trends, as highlighted in the text. Data were analyzed from 20 perfused brains. No exclusion criteria was applied to remove mice from the reported cfos analysis based on, for example, whether withdrawal signs were or were not observed. Tissue sections that did not contain the entirety of the brain region being quantified or were lost and/or damaged during cryosectioning were excluded from analysis by a blind observer. From the IPI data of the IPN, one mouse was excluded for having data that was 3 standard deviations ± the mean.
Results
Based on expression patterns of α2-containing nAChRs and brain regions involved in nicotine withdrawal, we conducted an analysis of cfos stained cells within the interpeduncular nucleus, the habenula (medial (MHb) and lateral (LHb)), the CA1 region of both the dorsal and ventral hippocampus and the dorsal dentate gyrus [25, 27] . The CA1 was further subdivided into four layers (in dorsal to ventral order): the stratum oriens layer, pyramidal layer (PL), stratum lacunosum moleculare layer (SLM) and the stratum radiatum (SR) layer. The DG was also subdivided into the outermost molecular layer (ML), the middle granular layer (GL) and the innermost polymorphic layer (iPL).
Interpeduncular Nucleus
Fluorescent imaging confirms the presence of α2-positive neurons within the IPN, which associates with high levels of α2 nAChR subunit mRNA expression in the same region ( Figure 1A [11, 25] . Using a two-way ANOVA to assess cfos expression within the IPN, we found a non-significant trend for an interactive effect for withdrawal condition × genotype (F(3,19) = 3.64, p = 0.075). Dunnett's post-hoc analysis reveals that nicotine treatment significantly enhances cfos expression in the IPN in wild type nicotine withdrawal versus vehicle treated mice (p < 0.05) (Figure 2A-D, 3A) . This effect of nicotine withdrawal enhancement of cfos activity in the IPN is absent in the α2 nAChR subunit null mutant mice. These results parallel previously published mecamylamine-precipitated withdrawal behavior that demonstrate an enhancement of somatic withdrawal signs in wild type mice, which is absent in the α2-null mutant mouse in a habituated home cage environment [31, 35] . Assessing a more selective subdivision of the IPN, i.e. the interpeduncular intermediate region, as performed by others [56] , also highlighted enhanced cfos counts during nicotine withdrawal, but this effect was not dependent on the genotype of α2 mutant mice (data not shown).
Habenula
Fluorescent imaging demonstrates the localization of α2-positive neurons to very dorsal regions of the MHb (Figure 1B ), a finding that is supported by in situ hybridization mRNA expression within the brain region, particularly early in development (postnatal day 3-5) [13] . We did not find any significant results for cfos expression with regards to withdrawal condition or genotype within the MHb. We did see an interactive effect for genotype × withdrawal condition for cfos counts within the LHb (F(3,17) = 4.60, p = 0.05), but post-hoc analysis revealed a lack of significance (Figure 2E-F ).
CA1 Region of the Hippocampus
Fluorescent imaging demonstrates α2-positive neurons within the CA1 stratum oriens layer of both the DH and the VH ( Figure 2C -F); these findings associate with α2 nAChR subunit mRNA expression patterns within the hippocampus [11, 13, 25, 27] . When assessing cfos neuronal activity within the SO layer of the DH, results using a two-way ANOVA demonstrate a main effect of withdrawal condition (F(3,19) = 4.68, p < 0.05), but not genotype or genotype × withdrawal condition interaction. Post-hoc analysis reveals that nicotine withdrawal significantly increased neuronal activity within the SO layer of the DH independent of genotype ( Figure 2G-H, 3B ). On the other hand, when examining the SO neuronal projection site of the SLM layer, we observe a main effect of genotype (F(3,18) = 7.23, p < 0.05) within the SLM of the VH, and a non-significant trend for genotype (F(3,19) = 3.82, p = 0.09) within the SLM of the DH. Combined scores for both the DH and VH SLM layer demonstrated a main effect of genotype (F(3,18) = 11.46, p < 0.01), but not withdrawal condition or genotype × withdrawal condition interaction. Post-hoc analysis reveals that α2 nAChR subunit null mutant mice express potentiated neuronal activity within the SLM layers of both the DH and VH compared to wild type mice independent of nicotine withdrawal condition, with the overall effect driven primarily by the VH ( Figure  2I -J, 3C). Finally, when we averaged cfos counts for all four different layers across the DH, we found a non-significant trend for an interactive effect for genotype × withdrawal condition (F(3,19) = 2.79, p = 0.11); this effect would likely be significant with a larger number of mice in the study. Post-hoc analysis demonstrates a significant enhancement of neuronal activity during nicotine withdrawal within wild type mice that is absent in the α2 nAChR subunit null mutant mice (p = 0.03), but the effect does not remain significant after Bonferroni correction of multiple comparisons ( Figure 2G-J, 3D) . The results suggest that dorsal hippocampal neuronal activity during nicotine withdrawal is likely mediated by α2containing nAChRs. No significant main or interactive effects were observed when assessing the combined four layers across the VH.
Dentate Gyrus
Fluorescent imaging demonstrates the presence of α2-containing neurons within the GL of the DG (Figure 1D ). Using a two-way ANOVA, we examined cfos immunoreactivity within the three different layers of the DG (iPL, GL, and ML) and saw a non-significant trend for a main effect for withdrawal condition (F(3,17) = 3.90, p = 0.07), and a non-significant trend for an interaction for withdrawal condition × genotype (F(3,17) = 3.71, p = 0.08) within the GL ( Figure 2K-L, 3E ). Post-hoc analysis demonstrates mice undergoing withdrawal have reduced neuronal activity in the GL, and this effect is only present in the α2 nAChR subunit null mutant mice. Subsequent analysis of neuronal activity across all layers of the DG revealed a non-significant trend for an interactive effect between withdrawal condition × genotype (F(3,17) = 4.14, p = 0.06). Post-hoc analysis revealed that nicotine withdrawal condition verses vehicle treatment suppressed neuronal activity within the DG of the α2 nAChR subunit null mutant mice ( Figure 2K-L, 3F ). This effect was absent in wild type mice. Thus, the results of cfos immunoreactivity within the GL may be driving the overall main effect across all layers the DG. However, none of the effects within the DG remained significant after Bonferroni correction of multiple comparisons.
Discussion
Our results demonstrate that nicotine withdrawal enhances neuronal activity within the interpeduncular nucleus and dorsal hippocampus, which is absent in mice null for α2containing nAChRs (Figure 4) . In contrast, we observe that the absence of α2-containing nAChRs results in a suppression of neuronal activity in the dentate gyrus in mice undergoing nicotine withdrawal (Figure 4 ). The interpeduncular nucleus has been accepted both for its role in mediating nicotine withdrawal in conjunction with the Hb-IPN axis, and as an overall integrative center for limbic brain regions [5, 31, 34-36, 38, 56] . The region also has the highest levels of α2 nAChR subunit expression within the rodent brain [11, 12, 25, 26] and α2-positive neuronal fluorescence (Figure 1 ). Our present study demonstrates that α2-containing nAChRs influence nicotine withdrawal-induced neuronal activity within the IPN, as assessed by the immediate early gene cfos. Such findings are supported by published reports illustrating that (i) nicotinic receptor antagonist activity within the IPN precipitates nicotine withdrawal, (ii) optogenetic activation of GABAergic neurons within the IPN induce nicotine withdrawal signs, and (iii) the genetic deletion of α2 nAChR subunits ablate nicotine withdrawal in a habituated home cage environment [31, 36, 37, 56] . Thus, α2-containing nAChRs within the IPN are likely important for mediating the mechanisms influencing nicotine withdrawal symptoms.
The lack of a main effect for nicotine withdrawal-induced neuronal activity within habenula regions was surprising due to the fact that the IPN receives a vast majority of its excitatory cholinergic and glutamatergic input from the medial habenula structure via the fasciculus retroflexus [38, 57] . However, other investigators have reported selective enhancement of IPN neuronal activity during mecamylamine-precipitated nicotine withdrawal [36, 37] . These results suggest that the habenula input is not necessary to potentiate nicotine withdrawal-induced neuronal activity within the IPN.
Our fluorescent images demonstrate that α2-positive neurons are restricted to very dorsal regions of the medial habenula. Due to this selected localization, we predicted and observed no significant genotype effect within the medial and lateral habenula regions. Interestingly, prior immunohistochemistry experiments demonstrated that expression of other α-type nAChR subunits is restricted to the ventral regions of the medial habenula, while β2 and β4 nAChR subunits are located across both ventral and dorsal regions of the medial habenula [37] . Thus, the α2 subunit could combine with either the β2 or β4 nAChR subunits to form functional channels within both the Hb and IPN, a hypothesis that is supported by prior immunoprecipitation experiments within the IPN [58] . Nevertheless, our overall findings provide further evidence that α2-containing nAChRs within the IPN, but not habenula, are important contributors of neuronal activity during nicotine withdrawal.
Limbic regions such as the hippocampus have also been implicated in nicotine reward and withdrawal due to the roles that learning and memory play in reinforcing drug-associated behaviors [40, 59] . Learning, memory and withdrawal behaviors involve many of the same neural areas and cellular processes, and changes in pathways underlying plasticity may contribute to addiction. For example, the development of drug-context associations can facilitate drug cravings upon re-exposure to a specific context during withdrawal [40, 50] . Interestingly, nicotine gates long-term potentiation within the hippocampus CA1 likely via specific activation of α2-containing nAChRs and can influence cue and context dependent nicotine withdrawal behavior [35, 43] . We therefore were interested in examining neuronal activity across various regions of the hippocampus during nicotine withdrawal, as well as how the absence of the α2 nAChR subunit could influence this activity using α2-null mutant mice.
Most noteworthy within the dorsal hippocampus, our findings suggest that α2-null mutant mice exhibit an absence of nicotine withdrawal-induced enhancement of neuronal activity within all layers. These findings are similar to those discovered within the IPN, although the hippocampal effect is much more subtle. It is important to note that the α2 nAChR subunit has much lower expression levels within the hippocampus when compared to the IPN. This may account for the more subtle interactive effect within the DH in α2-null mutant mice. Nicotinic receptor antagonism within more ventral hippocampal targets of chronic nicotine treated mice does not precipitate somatic withdrawal signs, demonstrating that hippocampal modulation of nicotine withdrawal is likely region dependent [31] . Overall, the results indicate that α2-null mutant mice exhibit a coordinated reduction of cellular activity during nicotine withdrawal within both the IPN and DH. Thus, we speculate that using a pharmacological intervention to reduce α2-containing nAChR activity during nicotine withdrawal may help alleviate negative behaviors associated with drug relapse. These effects may be dependent on a habituated environmental context. Further experimental exploration is needed to determine whether opposing results would be observed in novel environmental contexts using the α2-null mutant mice [35] .
Independent of nicotine withdrawal condition, we also found that α2-null mutant mice exhibit potentiated cfos activity within the SLM layer of both the dorsal and ventral CA1 hippocampal regions. The α2-containing nAChRs within the hippocampus CA1 are particularly localized to GABAergic interneurons within the OLM layer [11, 13, 27, 46] . This subset of GABAgeric interneurons of the OLM have been shown to send their axonal projections to synapse onto the distil dendrites of the pyramidal neurons, which are located in the SLM layer of the hippocampus CA1 [43] . Thus, it is possible that removal of α2containing nAChRs, in α2-null mutant mice, results in a lack of or decreased inhibition of the SLM region via reduced activity of a specific subset of the GABAergic OLM neurons. This reduction of inhibition would subsequently yield higher levels of neuronal activity overall in the SLM. These effects appear to be mediated solely by a genotype effect, and not by nicotine withdrawal condition or interactive genotype by nicotine withdrawal condition.
Whether such a genotype effect could influence stress, learning, memory, emotion and affect needs further exploration. This is particularly important, as prior studies have demonstrated that hippocampal dendritic inhibition can facilitate learning and memory behavior [47] .
Within the dentate gyrus, α2-null mutant mice exhibit an entirely different effect for nicotine withdrawal-induced changes in neuronal activity. Nicotine withdrawal induced a reduction of cfos activity across all three layers of the dentate gyrus specifically in α2-null mutant mice, an effect that was absent in wild type mouse brains. Further studies are needed to clarify whether such effects may influence, at least in part, mechanisms mediating context dependent nicotine withdrawal and/or the learning and memory deficits in adult α2-null mutant mice [35] . Our results indicate that there may be a mechanism dependent on α2containing nAChRs within the mouse brain which functions to prevent nicotine-induced suppression of neuronal activity within the dentate gyrus. Furthermore, this effect appears to be highly driven by neurons within granular cell layer, which has interesting implications given their role in modulating synaptic plasticity, pattern separation and pattern completion [48, 60] .
Examination of our fluorescent images containing the dentate gyrus area shows high levels of α2-positive neurons within the granular cell layer that project their axons outwards into the molecular layer. The α2 nAChR subunit is developmentally expressed within the dentate gyrus (highest expression at postnatal day 3-5), and while mRNA hybridization show no α2-containing nAChR subunits within the dentate gyrus in adult mice, the presence of the fluorescent marker supports the idea that there is expression within the dentate gyrus early in development [13] . It is therefore possible that the absence of α2-containing nAChRs dysregulates circuitry within the dentate gyrus during early development, altering subsequent neuronal activity levels within the region during nicotine withdrawal. Indeed, we should highlight the caveat that we are not reporting α2 expression directly, but rather Chrna2-promoter driven Cre expression. There are limitations of Cre driver mouse lines, which can include ectopic expression, lack of expression in bona fide α2 expressing cells, and lack of reporter expression in cell types where Chrna2 promoter activity is weak. These limitations should be taken into account when interpreting the results of our current paper.
Overall, α2-null mutant mice have altered neuronal activity in specific brain regions during nicotine withdrawal. Importantly, cfos activity within the interpeduncular nucleus and the dorsal hippocampus mimic, at least in part, the context dependent nicotine withdrawal behavioral findings previously found in α2-null mutant mice [35] . Thus, our studies suggest that α2-containing nAChRs are important in regulating nicotine withdrawal likely through changes in neuronal activity within distinct midbrain and limbic brain structures. Our results also show that α2-null mutant mice have changes in neuronal hyperactivity, independent of nicotine withdrawal, across both the dorsal and ventral hippocampus. Further studies are needed to determine the behavioral consequences of such effects. Our findings present a possible molecular-genetic target for therapeutic interventions to help negate the side effects associated with nicotine withdrawal. Upton 
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Figure 3. Alterations in nicotine withdrawal-induced neuronal activity as measured by cfos expression across selective midbrain and limbic brain regions
Nicotine withdrawal increases cfos expression within the IPN of wild type mice, an effect that is absent in α2 nAChR subunit null mutant mice (*p < 0.05 vs. wild type vehicle-treated mice, n=3-6/group) (A). Nicotine withdrawal increases cfos activity within the oriens layer of the dorsal hippocampus independent of genotype; asterisk represents treatment effect (*p = 0.05, nicotine withdrawal vs. vehicle-treated groups, n=9-11/group) (B). The absence of the α2 nAChR subunit increases cfos activity within the SLM layer of both the dorsal and ventral hippocampus independent of nicotine withdrawal condition; asterisk represents genotype effect (**p < 0.01, wild type vs. mutant mice, n=7-12/group) (C). Nicotine withdrawal results in an overall increase in cfos activity across all four layers of the dorsal hippocampus in wild type, but not α2 nAChR subunit null mutant mice; asterisk represents treatment effect within genotype ((*)p = 0.03, wild type, vehicle-treated vs. wild type, nicotine withdrawal mice, not corrected for multiple comparisons testing, n=3-6/group) (D). Distribution of cfos staining across individual layers of the DG, with an overall effect driven by the granular cell layer ((*)p < 0.05, α2 KO, vehicle-treated vs. α2 KO, nicotine withdrawal mice, not corrected for multiple comparisons testing) as opposed to the molecular layer (blue) or the polymorphic layer (green), n=3-5/group) (E). Nicotine withdrawal suppresses cfos activity across all layers of the dentate gyrus within α2 nAChR Upton 
